Purpose To elucidate the safety and efficacy of exogenous erythropoietin (EPO) for the protection of photoreceptor cells in a rat model of retinal detachment (RD). Methods Recombinant rat EPO (400 ng) was injected into the vitreous cavity of normal rats to observe the eye manifestations. Retinal function was assessed by flash electroretinograms. Histopathological examination of retinal tissue was performed at 14 days and 2 months after injection, respectively. To investigate the inhibitory effect of EPO on photoreceptor cell apoptosis in RD rats, 100, 200, or 400 ng EPO was injected into the vitreous cavity immediately after RD model establishment. Apoptosis of photoreceptor cells was determined at 3 days after injection. Caspase-3 activation was measured by western blot analysis and immunofluorescence, respectively, and the level of Bcl-X L expression was analyzed by western blot. Results Intravitreal injection of EPO 400 ng into normal rats had no significant impact on retinal function, morphology, or structure. Apoptosis of retinal photoreceptor cells apparently increased after RD and was significantly reduced following EPO treatment. The thickness of the outer nuclear layer in the RD þ 400 ng group was significantly thicker than that in other experimental RD groups both at 14 days and at 2 months after RD (Po0.05). Western blot and immunofluorescence analyses showed decreased caspase-3 activation and increased Bcl-X L expression following EPO treatment. Conclusion Intravitreal injection of EPO 400 ng is safe, and EPO may suppress caspase-3 activation and enhance Bcl-X L expression, resulting in inhibition of apoptosis and protection of photoreceptor cells.
Introduction
Erythropoietin (EPO) is an erythropoiesisstimulating factor secreted by the embryonic liver and adult kidney under hypoxic conditions. It has an anti-apoptotic effect, and promotes the proliferation and differentiation of erythroid progenitor cells. 1 An increasing number of studies have demonstrated the neuroprotective effects of EPO and its receptor, by anti-apoptotic mechanisms. Several studies have indicated that EPO can protect photoreceptor cells from the effects of lightinduced and hereditary retinal dystrophy; [2] [3] [4] [5] protect retinal neurons from ischemiareperfusion injury, 6 and retinal ganglion cells after acute and chronic ocular hypertension; [7] [8] [9] promote ganglion cell survival and axonal regeneration after optic nerve transection; [10] [11] [12] attenuate inflammation in multiple sclerosis optic neuritis; 13, 14 reduce the permeability of the retinal barrier and protect retinal neurons in diabetic retinopathy; [15] [16] [17] [18] relieve diabetic macular edema; 19 enhance the stability of hypoxic retinal vessels; 20, 21 and has a neuroprotective role in pigment epithelial cells subjected to photo-oxidative damage. 22 EPO exerts its biological effects through interaction with EPO receptor (EPOR). Studies have confirmed EPO and EPOR expression in human embryonic and adult retinas, [23] [24] [25] and in the normal rat retina. 10, 11 EPOR is expressed in the inner segment of photoreceptor cells, ganglion cells, the presynaptic outer plexiform layer, and in the inner and outer nuclear layers (ONL). 10, 11 Retinal detachment (RD) is a common blindnesscausing eye disorder, characterized by separation of the neural retina from the retinal pigment epithelium. The separation of the neural retina prevents substance exchange with the retinal pigment epithelium, and results in loss of nutrient supply from the choroid. The main secondary pathological changes include the collapse and shortening of the photoreceptor outer segment, as well as photoreceptor cell apoptosis, 26 thus seriously affecting functional recovery after RD. Our previous study determined that the expression levels of EPO and EPOR were upregulated after RD, reaching a peak at 48 h. 27 Clinical studies have also demonstrated elevated levels of intravitreal EPO after RD. 28 Our previous studies confirmed that EPO in the detached retinas was neutralized by EPOR antagonists, thereby aggravating photoreceptor cell apoptosis after RD (in press). These lines of evidence indicate that the endogenous EPO/EPOR system may protect retinal photoreceptor cells after RD, and suggest that exogenous EPO supplementation could also help to reduce RD-induced damage to retinal photoreceptor cells. However, the safety and efficacy of supplementary EPO remains unclear. This study aimed to elucidate the safety, efficacy, and molecular mechanisms of intravitreal injection of EPO in normal and RD rats, in terms of its protective effect on retinal photoreceptor cells.
Materials and methods

Experimental animals
Normal male SD rats, aged 10 weeks, weighing 250±20 g, were purchased from the Shanghai Experimental Animal Center of the Chinese Academy of Sciences, China. All experimental protocols were performed in strict accordance with the guidelines for the Use of Animals in Ophthalmic and Visual Research issued by the Association for Research in Vision and Ophthalmology. All rats were fed and maintained under a 12-h light/dark cycle (0800-2000 light and 2000-0800 dark) at 22-25 1C and 55-60% humidity.
RD models
As previously described, 27 rats were anesthetized by injecting Sumianxin (Institute of Military Veterinarian, Academy of Military Medical Sciences, Jilin, China) into the thigh muscle (0.6 ml/kg), followed by local administration of three drops of tropicamide to induce mydriasis, and oxybuprocaine for corneal surface anesthesia. Under an operating microscope (Leica, Bensheim, Germany), a sclerotomy was created approximately 2 mm posterior to the limbus with a 25-gauge pinhead, with special caution taken to avoid damaging the lens. 1.4% sodium hyaluronate (Healon GV; Pharmacia & Upjohn, Uppsala, Sweden) was slowly injected into the peripheral subretinal space in the superior neurosensory retina, thus detaching it from the underlying retinal pigment epithelium. In each experimental eye, approximately one half of the retina was detached in the superior.
Intravitreal administration of EPO
Rats were anesthetized using the above methods and subjected to mydriasis. Under the operating microscope (Leica), a sclerotomy was created approximately 2 mm posterior to the limbus with a 25-gauge pinhead, taking special caution to avoid damaging the lens. A total of 5 ml of phosphate-buffered saline (PBS) or 400 ng of EPO (R&D Systems, Minneapolis, MN, USA) was administered using a microinjector along the puncture incision. Ofloxacin eye ointment was applied after the surgery. Once the RD model was successfully established, the vitreous cavity was immediately injected with a single injection of 5 ml PBS, or 100, 200, or 400 ng EPO respectively.
Flash electroretinogram (ERG) recording
Rats were anesthetized by injecting 0.6 ml/kg Sumianxin into the thigh muscle, followed by oxybuprocaine for corneal surface anesthesia and tropicamide for mydriasis. After 30-min dark adaptation, the maximal retinal response and oscillatory potentials were recorded using a Tomey-EP1000 (Tomey, Tokyo, Japan). The recording parameters were as follows: stimulator, Ganzfeld Q400; intensity of stimulation light, 3 cd s/m 2 ; stimulation frequency, 0.11 Hz; cycle time, 9.091 ms; sampling frequency, 2560 Hz for 0.39 ms; band pass, 0.2-300 Hz. Ops: stimulation frequency, 0.07 Hz; cycle time, 14.286 ms; sampling frequency, 5120 Hz for 0.2 ms; band pass, 100-500 Hz; stacking three times. The recording electrode with a circular metal electrode was located on the limbus coated with ofloxacin eye ointment, and the reference electrode was placed subcutaneously in the frontal region. Earth electrodes were placed subcutaneously on the back.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) in situ examination of apoptosis As previously described, 29 conventional dewaxing was performed according to the instructions of the kit. Samples were incubated with proteinase K, and then treated with a dropwise TUNEL reaction mixture (Promega, Madison, WI, USA). The nuclei were finally stained with propidium iodide (PI, Sigma, St Louis, MO, USA). Samples were observed under a laser scanning confocal microscope (Zeiss 510, Zeiss, Jena, Germany). Apoptotic photoreceptor cells in the retina were stained with yellow fluorescence.
Western blot analysis
Retinas were resuspended in the lysis buffer (30 mM Tris, pH 7.5, 150 mM NaCl, 1 mM PMSF, 1 mM Na 3 VO 4 , 1% Nonidet P-40, and 10% glycerol) and then centrifuged for 10 min at 4 1C. Protein concentration of the supernatant (protein fraction) was calculated using the BCA protein assay. An aliquot of 40 mg total extracts was mixed with protein loading buffer containing 2-ME and boiled for 5 min before loading onto an SDS/10% polyacrylamide gel. After electrophoresis, proteins were transferred onto nitrocellulose membranes. Nonspecific binding was blocked with 5% non-fat dry milk in Tween/ Tris-buffered saline, and then membranes were incubated overnight at 4 1C with the primary antibody against cleaved caspase-3 (1 : 1000; Asp 175, Cell Signaling, Danvers, MA, USA) or Bcl-X L (1 : 1000; Cell Signaling) prepared in 5% non-fat dry milk solution in Tween/Tris-buffered saline. Membranes were washed with TBS (0.05% (v/v) Tween 20 in PBS, pH 7.4) and incubated with a 1 : 2000 dilution of HRP-conjugated secondary antibody for 45 min. Protein bands were visualized by an enhanced chemiluminescence reaction (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The gray values of specific band were analyzed quantitatively using image analysis software.
Immunofluorescence assay
Paraffin sections were subjected to routine dewaxing, hydration, and antigen retrieval. Sections were incubated with primary antibody (anti-Cleaved Caspase-3 antibody, 1 : 500, Asp 175; Cell Signaling) at 4 1C overnight. After 1 Â TBS washing, sections were further incubated with fluorescein isothiocyanate-labeled goat anti-rabbit antibody at room temperature for 45 min. Sections were washed and incubated with PI. The reaction was terminated after rinsing, and sections were dried and mounted with 10% glycerol. All samples were observed under the laser confocal microscope (Zeiss 510).
Histopathological examination and ONL thickness measurement
Rats were killed by an overdose of intraperitoneal injection of 1% pentobarbital sodium. The cornea was labeled at the direction of 1200 hours. The bulbar conjunctiva at the limbus was retained, whereas that at the other parts was removed. The eyeballs were rapidly removed and placed in 10% neutral formalin fixative for 24 h. Sagittal sections of optic nerve were prepared along the suture labeling (direction from 1200 to 0600). Sections were dehydrated in graded concentrations of alcohol, embedded in paraffin and cut into 5-mm-thick slices, stained with hematoxylin-eosin, and observed under a light microscope. ONL thickness (the distance from the outer plexiform layer to the outer limiting membrane) was measured using Zeiss software (Zeiss 510). Each eye was measured six times. Samples were also prepared for transmission electron microscopy: rats were killed as above and the eyeballs were rapidly removed. The vitreous cavity was removed on ice, and the retina was carefully peeled and fixed in 2% glutaraldehyde for at least 12 h. Sections were rinsed three times with 1 mol/l phosphate buffer solution and fixed in 1% buffered osmium tetroxide for 2 h, followed by washing three times with distilled water, gradual dehydration in ethanol and embedding in epoxy resin. Semi-thin sections (1 mm) were positioned under the light microscope and cut into ultrathin sections, followed by double staining with uranyl acetate and lead citrate. Retinal ultrastructure was observed under a transmission electron microscope (JEM-100S, Hitachi, Tokyo, Japan).
Statistical analysis
All data were expressed as means±SD. Analysis of variance and Dunnett's t-test were performed using the SAS 6.12 statistical software package (SAS Institute, Cary, NC, USA). Flash ERGs before and after injection were compared using paired t-test. A level of Po0.05 was considered statistically significant.
Results
In vivo observations of eyeball morphology and structure following intravitreal EPO injection
In vivo observations were performed under an operating microscope at 3 days after injection. All operated eye corneas were transparent, the anterior chambers showed no exudation, and the lenses were transparent. The vitreous body was transparent, no white dust-like crystals were observed, the ocular fundus was clearly visible, and there were no signs of retinal edema, hemorrhage, or abnormal changes in vascular morphology.
Effects of intravitreal EPO injection on normal retinal function
Flash ERGs showed no differences in latency or amplitude of flash ERG maximal response a-and b-wave before and 3 days after intravitreal injection of EPO 400 ng (paired t-test, P40.05). There were no significant differences in P4 latency or total amplitude of the sub-waves in oscillatory potentials, which reflected the function of inner retinal neurons before and after injection (P40.05).
Effects of intravitreal EPO injection on normal retinal morphology and structure
Optical microscopic examination showed normal retinal layer structure, no apparent edema or necrosis, and no change in retinal thickness at 14 days after intravitreal injection of 400 ng EPO. The retina retained its neat arrangement, with no significant edema or necrosis and no new blood vessels within or on the surface of the retina at 2 months after injection. Transmission electron microscopy showed no significant necrosis or apoptosis throughout the whole layer of retinal neurons, the photoreceptor outer-segment disk membranes remained orderly arranged, and no apparent degeneration was seen at 3 days after injection.
Influence of EPO supplementation on retinal photoreceptor apoptosis
No yellow-stained apoptotic cells were viewed in the layers of retinal neurons in the normal control group. However, some yellow-stained apoptotic cells were seen in the ONL of the RD and RD þ PBS groups. Apoptotic cells were visible, but their numbers were reduced in the RD þ EPO 100, 200, and 400 ng groups (Figure 1) .
Influence of EPO supplementation on caspase-3 activation and Bcl-X L expression after RD
The intensities of the gray bands representing activated caspase-3 in the normal control, RD, RD þ PBS, and RD þ EPO 100, 200, and 400 ng groups at 3 days after RD were 0.16 ± 0.04, 0.55 ± 0.14, 0.54 ± 0.11, 0.35 ± 0.08, 0.31 ± 0.08, and 0.21 ± 0.02, respectively (Figure 2a ). There were significant differences among groups (F ¼ 35.96, Po0.01), and the level of activated caspase-3 in RD þ EPO 400 ng group was significantly lower than that in other experimental RD groups (Po0.05). The equivalent values for the Bcl-X L bands were 0.30 ± 0.01, 0.24 ± 0.03, 0.27 ± 0.05, 0.45 ± 0.02, 0.43 ± 0.04, and 0.55 ± 0.05, respectively (Figure 2b ). There were significant differences among groups (F ¼ 30.75, Po0.01) and the expression level of Bcl-X L in RD þ EPO 400 ng group was significantly higher than that in other experimental RD groups (Po0.05).
Caspase-3 activation was also examined by tissue immunofluorescence at 3 days after intravitreal injection of EPO. There were no caspase-3-positive nuclei in normal retinas, but many yellow-stained caspase-3-positive nuclei in the RD and RD þ PBS groups. Reduced numbers of yellow-stained cells were seen in the RD þ EPO 100, 200, and 400 ng groups (Figure 3) . This was consistent with previous results of TUNEL staining. Effects of EPO supplementation on structure and morphology of the detached retina and ONL thickness No significant histopathological changes were detected in the inner retina at 14 days after RD, but obvious changes were detected in the outer neural retina. Both inner and outer segments of photoreceptor cells were disordered and shortened. The ONL thickness was slightly reduced following RD, but was thicker in the EPO treatment groups (Figure 4) . ONL thickness was measured using image analysis software and the thicknesses in the normal control, RD, RD þ PBS, and RD þ EPO 100, 200, and 400 ng groups were 45.70 ± 1.53, 35.00 ± 1.66, 34.79 ± 1.15, 34.60 ± 1.02, 36.82 ± 1.23, and 40.20±2.41 mm, respectively. Analysis of variance showed significant differences among groups (F ¼ 21.52, Po0.01). The ONL thickness in the RD þ EPO 400 ng group was statistically significant compared with that in other experimental RD groups (Po0.05). At 2 months after RD, there were still no apparent histopathological changes in the inner retina, but the ONL thickness was greatly reduced ( Figure 5 ). The ONL thicknesses in each group were 46.74±1.97, 14.51±1.42, 14.70±1.19, 18.17±1.23, 26.28±4.25, and 34.00±2.40 mm, respectively. Analysis of variance demonstrated statistically significant differences among groups (F ¼ 96.25, Po0.01). The ONL thickness in the RD þ EPO 400 ng group was statistically significant compared with that in other experimental groups (Po0.05). Interestingly, the lengths and alignments of the inner and outer sections of photoreceptor cells were better in the EPO treatment groups than in the RD and RD þ PBS groups.
Discussion
Hypoxic preconditioning, transgenic animals expressing endogenous EPO, and EPO supplementation have demonstrated strong neuroprotective effects in many models of optic nerve retinal diseases. However, the effects of increased EPO levels on normal tissue metabolism, structure, and function remain unclear. It is therefore essential to identify the effects of intravitreal EPO injection on changes in retinal structure and function. Flash ERG demonstrated that intravitreal injection of 400 ng EPO had no significant effects on the amplitude or latency of the maximum response wave or oscillatory potentials, indicating a lack of effect on retinal function. Histopathological examination also showed no effect of EPO on retinal layer structure, retinal thickness, retinal edema or necrosis, or retinal neovascularization at 14 days and 2 months after injection. These results indicate that intravitreal injection of up to 400 ng of EPO does not affect the structure or function of the retina. These preliminary results confirmed the hypothesis of Tsai et al, 8 who reported that intravitreal injection of up to 625 ng of EPO had no effect on retinal function in rats. The effect of EPO on angiogenesis is another potential issue of concern. Takagi et al 30 demonstrated that EPO was a major angiogenic factor in proliferative diabetic retinopathy, independent of VEGF. Chen et al 20 showed that decreased EPO production in early hypoxic retinopathy could cause retinal vascular instability, and that elevated levels of EPO during the proliferative period could lead to retinal neovascularization. No retinal neovascularization was detected by light microscopy at 2 months after EPO injection, but the impact of EPO on retinal capillaries requires further investigation.
Apoptosis is the main mechanism of photoreceptor cell death after RD, and both the mitochondrial and Fas/FasL pathways are involved in the apoptotic process. 31, 32 This study showed that exogenous EPO after RD significantly reduced the number of TUNEL-positive cells, indicating that EPO partially inhibited apoptosis. Caspase-3 is the final executor of apoptosis and is also involved in photoreceptor cell apoptosis after RD. Western blot in the present study showed that activated caspase-3 expression was significantly increased after RD, in accordance with previous studies (data unpublished). The results also revealed that exogenous EPO significantly upregulated the expression of Bcl-X L and reduced the expression of caspase-3, indicating that the combination of EPO and EPOR may induce Bcl-2 antiapoptotic gene expression by signal transduction pathways, and inhibits apoptosis by suppressing the mitochondrial release of cytochrome C and regulating intracellular Ca 2 þ levels. Histopathological findings revealed that the ONL thickness in all groups was only slightly reduced at 14 d after RD; although this reduction was significant, it was less than that reported in previous studies, such as those of Berglin et al 33 and Yang et al, 34 who reported that the ONL thickness was reduced by half at 14 days after local RD in rabbits. This variation may be due to inter-species differences, the concentrations of sodium hyaluronate used, or the retinal uplift height. The majority of retinas were reattached at 28 days after RD, and all detached retinas were reattached at 2 months. Regarding the morphology, ONL thickness was significantly thicker in the EPO treatment groups, compared with the control group. In addition, the length and arrangement of the inner and outer segments of photoreceptor cells after EPO treatment were less disrupted than in the RD and RD þ PBS groups at 14 days and 2 months after RD, suggesting that EPO has a role in maintaining the morphologies of the inner and outer segments of photoreceptor cells, though the underlying mechanism remains unclear.
In conclusion, this preliminary study investigated the safety, efficacy, and underlying mechanism of exogenous EPO in terms of its protective effect on photoreceptor cells after RD. The results demonstrated that intravitreal injection of EPO 400 ng had no apparent effects on retinal morphology or function. In addition, EPO suppressed caspase-3 activation and increased Bcl-X L expression, thereby protecting the retinal photoreceptor cells from RD-induced apoptosis. The results suggest that clinical supplementation with exogenous EPO may exert some protective effect against ischemic retinal diseases, such as diabetic retinopathy, glaucoma, and retinal vein occlusion.
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